A MAJOR GOAL of neurological research is to increase our understanding of the workings of the human brain. To fully comprehend the relationships that connect molecular mechanisms in the brain with their respective functional outcomes, we must understand more completely the processes that are normally enacted in the healthy brain. A powerful method that may be used to address this issue is gene expression profiling analysis, which allows the simultaneous monitoring of the steady-state expression of all human genes. In this study, we expression profiled pyramidal neurons specifically selected using laser capture microdissection from different areas of postmortem brains of neurologically healthy elderly individuals. The expression data generated from these analyses provide an invaluable reference database for a wide range of brainfocused research by establishing a baseline of normal pyramidal cell gene expression in the aged brain. This resource, along with other currently available references such as the Allen Brain Atlas (http://www.brainatlas.org), Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/), the mouse brain Gene Expression Map (BGEM) (http://www.stjudebgem. org/web/mainPage/mainPage.php), and GNF (Genomics Institute of the Novartis Research Foundation) Symatlas (http://symatlas. gnf.org/SymAtlas/) will play important roles in furthering current and future neurological research.
The brain regions-of-interest used in this study were originally selected based on previous research on Alzheimer's disease (AD). These anatomically distinct regions, which include the entorhinal cortex [Brodmann's areas (BA) 28 and 34] , hippocampus, middle temporal gyrus (BA 21 and 37 and approximate BA 22) , posterior cingulate cortex (BA 23 and 31), superior frontal gyrus (BA 10 and 11 and approximate BA 8), and primary visual cortex (BA 17), have been found to display metabolic and pathological differences in the brains of individuals afflicted with AD (2, 3, 5-9, 17, 18, 21, 25-27, 30 -32, 44, 47, 50, 54, 58, 63) . In particular, the posterior cingulate cortex has been found to show the heaviest abnormal measurements in positron emission tomography scans of cognitively normal late-middle-aged carriers of the APOE ⑀4 allele (56) . Furthermore, functional brain imaging, structural brain imaging, and neuropathological studies suggest that the frontal lobes are preferentially affected by normal aging (14, 38, 60, 65) . This study provides descriptive information about the genes that are differentially expressed in frontal regions, which are most strongly affected by normal aging compared with those that are most spared, such as the primary visual cortex.
Lastly, selection of these regions provides global coverage of functional zones of the human brain with representative regions of the limbic (hippocampus), paralimbic (entorhinal cortex and posterior cingulate cortex), heteromodal (superior frontal gyrus), unimodal (middle temporal gyrus), and primary sensory zones (primary visual cortex). By focusing on these areas, we will provide important reference information to help elucidate normal expression pathways in the brains of healthy, elderly individuals that may drive cognitive processes unique to each region and those that underlie the functional connectivity of these areas.
Currently there exists no similar comprehensive catalog of global neuronal expression signatures of disease-relevant brain regions obtained using tightly controlled patient sample sets. Well-known gene expression resources such as the Allen Brain Atlas and BGEM provide expression data on the mouse nervous system, whereas GEO and Symatlas are more global in encompassing publicly deposited expression data from different tissues in multiple model organisms. In this respect, this study will provide an important preliminary reference database focused purely on normal neuronal gene expression in the brain of elderly individuals and may be used as a resource for future research on deciphering the molecular underpinnings of region-specific functions of the human brain. In addition, establishing the normal gene expression patterns of elderly individuals will give us the foundation to locate dysregulated expression in disease-afflicted individuals. Understanding gene expression specific to normal neurons, and how it relates to gene expression in normal neurons in diseased brains, will serve as a springboard to help us find novel drug targets to develop improved therapies and interventions to common and devastating neurological diseases such as AD.
MATERIALS AND METHODS
Tissue collection. Brain samples were collected at the Sun Health Research Institute, an Alzheimer's Disease Center, from individuals clinically classified as neurologically normal (10 males and 4 females) with a mean age of 79.8 Ϯ 9.1 yr. All cases did not expire as a result of accident or suicide nor were kept alive heroically prior to death. Samples were collected (mean PMI of 2.5 h) from six brain regions that are either histopathologically or metabolically relevant to AD and aging; these include the entorhinal cortex (BA 28 and 34), superior frontal gyrus (BA 10 and 11 and approximate BA 8), hippocampus, primary visual cortex (BA 17), middle temporal gyrus (BA 21 and 37 and approximate BA 22) , and the posterior cingulate cortex (BA 23 and 31). Following dissection, samples were frozen, sectioned (8 m), and fixed on glass slides.
Brain sections were stained with 1% neutral red, and neurons were identified by their characteristic size, shape, and location within each region. In the entorhinal cortex, because layer II contains the pyramidal neurons, large stellate neurons were selected from layer II for this region. For the hippocampus, pyramidal neurons of CA1 were selected because this region is the most-affected and earliest affected hippocampal region with regards to tangle formation (CA3 was not evaluated because this region is affected in later stages of AD so that in normal subjects, changes aren't expected to be seen in this area). For the other regions, layer III pyramidal neurons were selected. Approximately 1,000 normal pyramidal neurons were collected from cortical layer III per brain region per individual by laser capture microdissection with the Arcturus Autopix Automated Laser Capture Microdissection System (Mountain View, CA). Cells were collected onto CapSure Macro LCM Caps (Arcturus) and extracted according to the manufacturer's protocol. Total RNA was isolated from the cell lysate using the PicoPure RNA Isolation Kit (Arcturus) with DNase I treatment using Qiagen's RNase-free DNase Set (Valencia, CA).
Expression profiling. All total RNA isolated per brain section was double round amplified, cleaned, and biotin-labeled using Affymetrix's GeneChip Two-Cycle Target Labeling kit (Santa Clara, CA) with a T7 promoter and Ambion's MEGAscript T7 High Yield Transcription kit (Austin, TX) as per manufacturer's protocol. Amplified and labeled cRNA was quantitated on a spectrophotometer and run on a 1% Tris-acetate-EDTA (TAE) gel to check for an evenly distributed range of transcript sizes. cRNA (20 g) of was fragmented to ϳ35-200 bp by alkaline treatment (200 mM Tris-acetate, pH 8.2, 500 mM KOAc, 150 mM MgOAc) and run on a 1% TAE gel to verify fragmentation. Separate hybridization cocktails are made using 15 g of fragmented cRNA from each sample as per Affymetrix's protocol.
Microarray analysis. We separately hybridized 200 l of each cocktail to an Affymetrix Human Genome U133 Plus 2.0 Array for 16 h at 45C in the Hybridization Oven 640. The Affymetrix Human Genome Arrays measure the expression of Ͼ47,000 transcripts and variants, including 38,500 characterized human genes. Arrays were washed on Affymetrix's upgraded GeneChip Fluidics Station 450 using a primary streptavidin phycoerythrin (SAPE) stain, subsequent biotinylated antibody stain, and secondary SAPE stain. Arrays were scanned on Affymetrix's GeneChip Scanner 3000 7G with AutoLoader. Scanned images obtained by the Affymetrix GeneChip Operating Software (GCOS) v1.2 were used to extract raw signal intensity values per probe set on the array and calculate detection calls (absent, marginal, or present). Assignment of detection calls was based on probe-pair intensities for which one probe is a perfect match of the reference sequence and the other is a mismatch probe for which the 13th base (of the 25 oligonucleotide reference sequence) is changed. All raw chip data were scaled in GCOS to 150 to normalize signal intensities for interarray comparisons. Reports generated by GCOS were reviewed for quality control: at least 20% present calls, a maximum 3Ј/5Ј GAPDH ratio of 30, and a scaling factor Ͻ10. Those arrays that failed to pass these standards were not included in further analyses.
Pyramidal cell quality control. To assess neuronal cell purity in the samples, expression of glial fibrillary acidic protein (GFAP), an astrocyte cell marker, was evaluated. Nine samples that had GFAP expression Ͼ2 SD from the mean were removed from statistical analyses; these samples included one hippocampal sample, two middle temporal gyrus samples, one posterior cingulate sample, three superior frontal gyrus samples, and two primary visual cortex samples. Removal of these samples from analysis left us with 75 total samples with ample coverage of each of the six brain regions of interest.
Statistical analysis. Raw signal intensity and detection call data obtained per array from GCOS were uploaded into Genespring v7.2 (Agilent Technologies, Palo Alto, CA) for analysis. MIAME-compliant microarray data files are located on the GEO site at http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGSE5281 (project accession #GSE5281). Fold change and P value data for each of the six regions are available online at: http://www.tgen.org/neurogenomics/ data. Posted lists show region-specific P values and fold changes, and normalized expression signals for genes that have at least seven present calls out of 75 total calls (no P value and fold change thresholds have been applied on these lists). Direct region-to-region comparisons were performed between all brain regions to analyze expression differences between every region. All genes were filtered for at least seven present calls out of all samples; genes that were not called present in at least ϳ10% of all samples were removed. Heteroscedatic (two-sample unequal variance), two-tailed t-tests were applied to each region-to-region pair-wise comparison to locate genes whose expression levels are statistically significant in differentiating expression between the two regions: for each region, genes that had either a maximum P value Ͻ0.05 or 0.01 were collected. From these regional lists, those genes that showed consistently high fold changes above a minimum threshold (between a 1.5-to a 4-fold increase or decrease) for separate regional comparisons were identified. In addition, genes that had all expression signals for each sample below a signal threshold of 100 were removed because dramatic fold changes under this threshold likely fall under background. P value and fold change thresholds were adjusted for each regional analysis to locate the genes that had the greatest statistical significance and the greatest fold changes relative to other regions. The least stringent thresholds were a maximum P value of 0.05-and a 1.5-fold change, whereas the most stringent thresholds were a maximum P value of 0.01-and a 4-fold change. Using this approach we identified sets of genes that were specifically up-or downregulated in each brain region. For example, the entorhinal cortex was separately compared with all five other regions to generate lists for each comparison. We then found the intersection of genes that fell within all five lists to find genes that were differentially expressed in the entorhinal cortex compared with all other brain regions tested. The most differentially expressed genes in each brain region were used to generate separate heat maps showing the distribution of differential gene expression. Heat maps for each brain region were created with Genespring v7.2.
To globally analyze the entire set of expression data by an unsupervised approach, we looked to find general expression themes that accounted for the greatest amount of change across all the regionsof-interest without placing emphasis on a single region. For this analysis, genes were first filtered for at least seven present calls out of a total of 75 detection calls to remove genes that were called absent ϳ90% of the time across all samples. Genes with at least a 0.95 correlation to zero variance in expression, or did not change greatly in expression, across all regions were removed. Statistical one-way ANOVA (parametric, assume variances unequal) on brain region was applied to this list to obtain genes that had high statistical significance in differentiating expression between regions; a threshold of a maximum P value of 0.05 was applied. To look at the overall general trends of expression over all regions, principal components analysis on genes was applied to this list with no additional rotation scheme in Genespring v7.2. This analysis, which is a multivariate mathematical technique, converts a multidimensional data set into a set with fewer dimensions by using a covariance matrix but also retains the variability in the data in doing so. Thus, principal components analysis (PCA) characterizes the major patterns of differential expression across all the regions that account for variability in the data. This analysis outputs six component signatures that best account for the variance of expression across all brain regions in addition to calculating the correlation of each gene of the input list to each individual component.
Lists of genes generated from Excel analyses were uploaded into MetaCore Pathway Analysis software (GeneGo, St. Joseph, MI) to identify relationships between the genes of interest and to uncover common processes and pathways that are up-and downregulated under normal conditions between the six regions. We would like to note that multiple testing corrections were not used since these methods are often overly stringent. Additionally, any candidate dysregulated gene of interest still would need to be validated by secondary measures as we have done for a few candidates.
Immunohistochemistry. Fresh frozen sections from separate cases were used to validate expression profiling results at the protein level. The following protocol was first run to optimize staining at 1:100, 1:500, and 1:1,000 dilutions per antibody. After optimization, the protocol was run again at optimal antibody dilutions on triplicate sections.
Sections were thawed at room temperature and fixed in 100% acetone for 5 min. Slides were next equilibrated in TBS (Tris-buffered saline, pH 8.0; Sigma-Aldrich, St. Louis, MO) for 5 min, and endogenous peroxidases were blocked in 3% hydrogen peroxide (in TBS) for 10 min. Sections were then washed with TBST (Tris-buffered saline with Tween 20, pH 8.0; Sigma-Aldrich) and used to make slide pairs. All slides were blocked in 300 l 2.5% horse serum from the ImmPRESS Anti-Mouse Ig and ImmPRESS Anti-Rabbit Ig kits (Vector Laboratories; Burlingame, CA) in TBST and incubated with three rinses of 100 l of primary antibody (AbCam, Cambridge, MA) in normal horse serum (Jackson ImmunoResearch Laboratories, West Grove, PA) and TBST for a 1/2 h per rinse. Frizzled homolog 7 (Drosophila) (FZD7) polyclonal antibody was used at a 1:75 dilution, ITGA4 monoclonal antibody at a 1:25 dilution, DUSP4 polyclonal antibody at a 1:250 dilution, cAMP responsive element binding protein (CREB) monoclonal antibody at a 1:100 dilution, and nuclear transcription factor Y, beta (NFYB) polyclonal antibody at a 1:50 dilution. Sections were rinsed with 1 ml of TBST five times and incubated in 300 l of secondary antibody from the ImmPRESS Anti-Mouse Ig and Anti-Rabbit Ig kits for 45 min. Slides were then rinsed again with 1 ml of TBST five times and incubated in 500 l of substrate buffer treated with diaminobenzidine (DAB) chromogen and DAB enhancer (BioCare Medical, Concord, CA) for 5 min followed by a deionized water rinse, and 4 drops of DABSPARKLE treatment (BioCare Medical) for 1 min followed by a final deionized water rinse. Two drops of hematoxylin-2 (Richard-Allen Scientific, Kalamazoo, MI) were applied to each slide to counterstain, and slides were rinsed with and held in deionized water. Each slide was mounted and visualized under the AxioCam HRc Epifluorescence microscope (Carl Zeiss, Oberkochen, Germany) with AxioVision software at ϫ20.
RESULTS AND DISCUSSION
Establishing a reference data set for neuronal gene expression studies. In this study, we have established a valuable, high-quality gene expression reference data set describing neuronal gene expression in neurologically healthy individuals. The preliminary data set we present here is of an exploratory nature but will help us to gain insight into molecular mechanisms underlying neuronal function and region-specific brain function in healthy individuals. These data also serve as a baseline reference for studying causative mechanisms for a variety of neurological disorders, including AD.
Region-specific expression analysis. All neuronal populations were isolated and analyzed as described in MATERIALS AND METHODS. Additionally, all expression data are available online at http://www.tgen.org/neurogenomics/data. To identify region-specific gene expression differences in the brain, each of the six regions examined (hippocampus, entorhinal cortex, middle temporal gyrus, superior frontal gyrus, posterior cingulated cortex, and visual cortex) were separately compared with every other region to generate lists of genes unique to each area. Thresholds for P values and fold changes were adjusted for each region to find genes whose differential expression between regions had the largest fold changes with the highest statistical significance (see MATERIALS AND METHODS). Thresholds were accordingly adjusted to find approximately the top 50 -100 genes whose expression is unique to the region-ofinterest. The thresholds applied to the entorhinal cortex and hippocampus analyses were a maximum P value of 0.01 and a minimum fold change of 4. For the middle temporal gyrus analysis, a threshold of a maximum P value of 0.01 and a minimum fold change of 2.5 was applied. The posterior cingulate analysis had a threshold of a maximum P value of 0.05 and a minimum fold change of 2. Finally, the superior frontal gyrus and primary visual cortex analyses had thresholds of a maximum P value of 0.05 and a minimum fold change of 3. The entorhinal cortex and hippocampus had the highest number of significant genes specific to these regions with 43 and 37 genes, respectively. We found 28 genes for the middle temporal gyrus, 12 for the posterior cingulate cortex, 13 for the superior frontal gyrus, and 20 for the primary visual cortex. Top significant genes were used to generate heat maps that visualize differences in expression across all regions (Fig. 1) . The profiles of these region-specific genes may serve as unique identifiers of the neurons in these respective regions. Genes for each region were input into GeneGo MetaCore software for network and pathway analysis.
The entorhinal cortex (BA 28 and 34) is a component of the paralimbic zone of the cerebral cortex and is a major input into the hippocampal formation. As a part of the paralimbic zone, the entorhinal cortex receives major connections from hetero- Fig. 1 . heat maps of region-specific significant genes. Individual samples are listed across the top of the map with genes listed vertically along the right. Logged normalized expression levels were used to generate maps; colors range from red (high expression) to green (low expression) as indicated by the expression color bar. Significant genes found for each region were used to create separate heat maps to visualize dysregulation specific to the respective region. Fold changes for region comparisons for each set of region-specific genes are shown. Brain regions are abbreviated to the left of each map.
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Physiol Genomics • VOL 28 • www.physiolgenomics.org at Penn State Univ on February 23, 2013 http://physiolgenomics.physiology.org/ modal and unimodal areas and has massive extramural connections to the limbic zone (46) . Although intermediary processing unique to the entorhinal cortex has yet to be fully elucidated, we have found statistically significant genes showing differential expression specific to this region. MetaCore pathway analysis of these genes identified known processes; one process that came through from this analysis is learning and/or memory, which is consistent with the involvement of the limbic association cortex in emotion, learning, and memory. Of the total 36 genes that fall within the learning and memory process of the MetaCore database and are linked to genes from the input list, eight statistically significant upregulated genes from the input list were identified as being associated with this process. These genes include DAB1 [disabled homolog 1 (Drosophila)], RELN (reelin), AKAP13 (A kinase anchor protein 13), APOE (apolipoprotein E), GRIK5 (glutamate receptor, ionotropic, kainate 5), GRINA (glutamate receptor, ionotropic, N-methyl D-aspartate-associated protein 1), GSK3␤ (glycogen synthase kinase 3-␤), and PRKCG (protein kinase C, ␥). Although many details that define the pathways involved in learning and memory have yet to be entirely elucidated, these eight genes appear to play possible roles in these pathways. DAB1 and RELN1 coexpression have been found to be necessary for normal cortical development and normal mature brain functions (19) . AKAP13 is part of a family of scaffolding proteins that bind PKA regulatory subunits; this binding regulates phosphorylation of proteins that have been found to play a role in synaptic plasticity and memory formation (15, 24, 59) . APOE, which codes for the primary cholesterol transporter in the brain, may be involved with neuronal repair and plasticity (42) and also has allelic variants that are implicated in AD. Ionotropic glutamate receptors, such as GRIK5 and GRINA, are involved in synaptic plasticity, which underlies learning and memory processes (20) . Interestingly, GSK3␤ is an enzyme that plays a role in the hyperphosphorylation of tau to lead to neurofibrillary tangle formation in AD brains (10, 33, 39) and here was found to be upregulated in the entorhinal cortex above all other regions analyzed in this study. Such upregulation in neurologically healthy individuals may suggest that neuroprotective functions are enacted in the neurologically healthy brain. Finally, PRKCG is activated by Ca 2ϩ and diacylglycerol and has been found to play a vital role in long-term potentiation (1, 12, 29, 41, 43, 64) , a mechanism involved with learning and memory.
Several other processes found through MetaCore analysis, cholinergic synaptic transmission, and phospholipase C activating pathway involve acetylcholine biosynthesis and metabolism; specifically, there is upregulated expression of ACM5 and ACM2, acetylcholine receptors. Because acetylcholine is a neurotransmitter that generally causes excitatory actions in the brain, increased expression of its receptors may suggest that such excitation may play a role in learning and memory functions specific to the entorhinal cortex. This finding may represent a compensatory upregulation as it is known that cortical cholinergic deafferentation occurs in normal aging and mesial temporal lobe structures are amongst the earliest affected regions (45, 52) . Other top processes found for this region include nervous system development, synaptic transmission, neurotransmitter secretion, and signal transduction, all of which may be significant mechanisms in entorhinal cortex function. Additional genes showing differential expression in this region are shown in Fig. 1 and may represent a characteristic profile relevant to regional cognitive functions.
The hippocampus, a component of the allocortical formation that is physically located in the temporal lobe and functionally a part of the limbic zone, is also involved in learning and memory. As a part of the limbic zone, the hippocampus has major reciprocal connections with the hypothalamus and receives a large amount of input from the paralimbic zone (46) . Statistically significant genes that have expression unique to the hippocampus may play a role in neural processing that underlies such connections. Among the significant genes unique to the hippocampus, we see an upregulation of expression of integral membrane and transmembrane proteins that serve as receptors for signal transmission into and out of the cell. These genes include ITGA4 (integrin, ␣4), ITGA7 (integrin, ␣7), and ITGA9 (integrin, ␣9), all of which code for the alpha chain of the heterodimeric integrin complex that consists of an alpha chain and beta chain. Additional genes coding for receptors showing increased expression include KIT (v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog), whose protein is a type 3 transmembrane receptor for mast cell growth factor, which uses tyrosine-protein kinase activity to transmit signals, and FZD7, which codes for the frizzled protein, a seven-transmembrane domain protein that acts as a receptor in the Wnt signaling pathway. Differential expression of genes coding for proteins involved in signal transduction regulation were also observed; these genes include RGS4 (regulator of G protein signaling 4), which was downregulated, and DUSP4 (dual specificity phosphatase 4), which was upregulated. RGS4 has been previously found to be expressed in the human brain but not in certain regions, such as the thalamus and basal ganglia (22) and, based on our findings, also has decreased expression in the hippocampus. RGS4, by modulating G protein activity, seems to regulate dopamine receptors (22) , or more specifically, possibly D 5 dopamine receptors (of the D 1 receptor family), the one type of dopamine receptor highly found in the hippocampus (68) . DUSP4, also known as MKP-2 (MAP kinase phosphatase 2), has been found to regulate mitogenic signal transduction by inactivating kinases such as ERK1, ERK2, and JNK, through dephosphorylation of threonine and tyrosine residues (48) .
Another gene showing statistically significant decreased expression is RPH3A, which codes for rabphilin 3A homolog (mouse). This protein is a member of the RAB3A regulation pathway and is involved in docking and fusion of synaptic vesicles (16) and may play a role in neurotransmitter release through membrane flow regulation. Interestingly, rabphilin-3 has been known to be highly expressed in the murine brain (49, 62) .
Over all, such regulated expression of factors involved in neurotransmitter transport and signaling may possibly be a hallmark of processing significant to the limbic zone, although additional limbic areas would need to be studied to determine any generalities of these findings.
The middle temporal gyrus (BA 21 and 37 and approximate BA 22) is found in the temporal lobe between the superior and inferior gyri and has functions involved in memory and emotions, perception, and localization of sounds, in addition to language functions that are primarily localized to the left side of the brain. This gyrus is a part of the modality-specific, or unimodal, zone of the association isocortex and in some parts falls in the heteromodal zone as well. As a component of these zones, this brain region receives a great deal of sensory information from up to only a few synapses away in auditory and visual association pathways and outputs to heteromodal and paralimbic areas (46) . Since primary and secondary sensory synapses involved in information processing originate in the unimodal zone, this area of the brain is highly developed (46) . Genes falling through from specific analysis of this region may be correlated to such unique processing in the middle temporal gyrus. Differentially expressed genes in this region were primarily downregulated relative to the five other regions. The majority of these downregulated genes code for enzymes and factors involved in regulation of lipid and carbohydrate metabolism. These genes include PCCB, which codes for propionyl coenzyme A carboxylase (beta polypeptide), ATF2, which codes for activating transcription factor 2, SCP2, which codes for the sterol carrier protein 2, and PRKAG1, which codes for the gamma 1 noncatalytic subunit of AMP-activated protein kinase (AMPK). Activating transcription factor-2 forms either a homodimer or heterodimer with c-jun to stimulate cAMP-responsive element (CRE)-dependent transcription and may also act as a histone acetyltransferase for transcription activation (28) . Sterol carrier protein 2 is thought to be an intracellular lipid transfer protein, and so its downregulation may indicate decreased transport of lipids within neurons. AMPK, which is normally activated under conditions of cellular metabolic stress, phosphorylates and inactivates acetyl-CoA carboxylase and beta-hydroxy beta-methylglutaryl-CoA reductase, enzymes that help regulate fatty acid and cholesterol biosynthesis. These results suggest a possible overall "slowing down" of neuronal biosynthetic and metabolic processes specific to the medial temporal gyrus. Although it is, however, unclear as to how this regulation is involved with regional functions, these results may provide some clues about the possible requirement for a coordinated decrease in certain cellular processes in unimodal areas. Though the majority of significant genes showed decreased expression, we also saw an increase in expression of eIF4A2, which codes for a subunit of eIF4A, a factor required for binding of mRNA to 40S ribosomal subunits.
The posterior cingulate cortex (BA 23 and 31) is situated in the parietal lobe adjacent to the splenium of the corpus callosum and, like the entorhinal cortex, is a part of the paralimbic zone, which has functions involved with emotion formation and processing, learning, and memory. Like the entorhinal cortex, the posterior cingulate is involved in intermediary processing with its receipt of information from heteromodal and unimodal areas and its subsequent output to the hippocampus and other limbic areas of the brain (46) . This region has also been found to be a component of the "default system" that is normally active during the baseline state of the human brain as it monitors sensory information (55) . In this region there was an overall upregulation of DPYS, which codes for dihydropyrimidinase, an enzyme involved in the formation of uracil and beta-alanine metabolism. The posterior cingulate also demonstrated an overall decrease in expression of statistically significant genes. There was a downregulation of GABBR2, which codes for GAB (␥-aminobutyric acid) B receptor 2. B-type receptors for GABA have been found to inhibit neuronal activity through G protein-coupled second-messenger systems (23) . There was also a downregulation of expression of members of the MAPK cascade and interleukin signaling pathway, including the mitogen-activated protein kinase kinase kinase 14 (MAP3K14), the alpha isoform of regulatory subunit B for protein phosphatase 3 (PPP3R1, also known as calcineurin B, type I), and member 1A of the tumor necrosis factor receptor superfamily (TNFRSF1A). In the interleukin signaling pathway, decreased expression of MAPKKK14 and TNFRSF1A ultimately leads to decreased activation of the IKK (IB kinase) complex, which is needed to phosphorylate IB proteins to mark them for the ubiquitination pathway (35) . Since IB proteins inhibit NF-B, if they are not targeted for destruction, NF-B will resultingly have decreased activation and may have downstream effects in inflammation, immunity, cell proliferation, and apoptosis, all of which may play a role in the normal aging process (67) . Calcineurin B normally complexes with calcineurin A to form the calcineurin complex, which functions as a Ca 2ϩ /calmodulin-regulated protein phosphatase (36) . Decreased expression of calcineurin B may lead to decreased formation of the entire calcineurin complex, which may possibly lead to dysregulation of Ca 2ϩ homeostasis. There is also a downregulation of neurotransmitter receptors, including GABBR2 (␥-aminobutyric acid B receptor, 2) and GNRHR (gonadotropin-releasing hormone receptor), both of which are participants in the G-coupled receptor systems and likely play a role in synaptic plasticity (40) . This overall downregulation of expression of genes whose products are involved with transcription, signal transduction, and metabolism may characterize posterior cingulate cortex neurons from other brain neurons and may play a role in the region's maintenance of unique functions with integrating incoming information necessary for cognitive processes such as learning, memory, and emotions.
The superior frontal gyrus (BA 10 and 11 and approximate BA 8) is located centrally at the apex of the frontal lobe and has been found to be involved with working memory, reasoning, planning, attention, and some aspects of language. This gyrus is a member of the heteromodal, or high-order, zone of the brain and also has some overlap with unimodal areas. Under the heteromodal functional subtype, the superior frontal gyrus has major incoming connections from unimodal areas and major outgoing connections to the paralimbic zone (46) . The role of this region in sensory experience may be linked to controlled gene expression found solely in this region. Over all there was an upregulation of genes involved in metabolism, spindle assembly and chromosomal separation, and cell cycle progression. NFYB, KPNB1 [karyopherin (importin) beta 1], ACLY (ATP citrate lyase), and CREB1 are all upregulated in the superior frontal gyrus relative to the other five regions and are all involved in lipid biosynthesis and metabolism. These proteins activate SREB2 and SREBP1, which further activate LDLR, the major receptor that transports low-density lipoprotein (LDL) into cells. Phosphorylation of CREB has also been implicated in inducing expression of immediate early genes (IEGs), which play a role in neural plasticity (11) ; increased expression of CREB consequently increases its availability for phosphorylation and activation of IEG transcription.
Expression of genes involved in cellular metabolism was also increased in superior frontal gyrus. These genes include GCLM (glutamate-cysteine ligase, modifier subunit), GCLC (glutamate-cysteine ligase, catalytic subunit), CCND1 (cyclin D1), and MAPK8 (mitogen-activated protein kinase 8). Upregulation of proteins participating in metabolic pathways suggests that such mechanisms may be involved with processing specific to the superior frontal gyrus. Increased expression of proteins involved in spindle assembly and chromosomal separation, including DCTN4 (dynactin 4), ANAPC1 (anaphase promoting complex subunit 1), and ANAPC7 (anaphase promoting complex subunit 7) may indicate increased cell cycle progression and cell proliferation. Dynactin 4 helps provide a contact between microtubules and the chromosome kinetochore by recruiting dynein to the kinetochore (61). Previous research has also shown that dynactin is specifically expressed in human neurons and may play a role in slowanterograde microtubule transport along axons (66) . Anaphase promoting complex subunits 1 and 7 help make up the multimeric anaphase promoting complex (APC), which is a ubiquitin ligase that targets cell cycle proteins for degradation. Thus, the APC can both promote and inhibit cell cycle progression by degrading protein inhibitors, cyclins and cyclindependent kinases (69) .
To further evaluate the differentially expressed genes specific to the superior frontal gyrus, this list of genes was compared with findings from a previous study that also used microarray analysis to evaluate the frontal lobes of young and aged individuals (40) . Overlap of genes differentially expressed in frontal vs. nonfrontal regions of the aged brain (which could reflect aging or some other specialized regional function) with genes found to be differentially expressed in older vs. younger brains may provide clues about the molecular substrates of normal aging. Although no specific genes fell in both lists, likely due to the fact that the frontal lobe project analyzed entire tissue sections as opposed to this study's neuron-specific analysis of the superior frontal gyrus, there was significant overlap in the ontologies of the identified genes. These ontologies include synaptic transmission, G protein signaling, vesicular transport, protein turnover, and transcription. Identification of such an overlap may help us to find new targets at which to aim new age-slowing treatments and provides information that might be used to develop new imaging or nonimaging biomarkers of aging to study the pathological aging process.
The primary visual cortex (BA 17), which is located within the calcarine fissure of the occipital lobe, is involved in the initial stages of visual processing and is, thus, a part of the primary sensory cortex which acts as the entrance through which information from the environment enters the brain. This region, also known as striate cortex, contains highly organized neurons whose detailed connectivity plays a role in processing information on color, length, spatial frequency, movement, and orientation (46) . Information collected and processed in the primary visual cortex is ultimately output to unimodal areas for downstream intermediary processing (46) . Genes whose regulated expression is unique to this region may provide clues about the underlying processes specific to this area's functional role.
In contrast to the upregulation of CREB1 seen in the superior frontal gyrus, the primary visual cortex had decreased expression of a gene involved in the CREB pathway. CAMK2D (calcium/calmodulin-dependent protein kinase II delta), which is significantly upregulated in the entorhinal cortex and downregulated in the primary visual cortex, codes for the calcium/calmodulin-dependent protein kinase II delta. CAMK2D is one of four subunits that make up CaMK II, a serine/threonine protein kinase that phosphorylates CREB. Because CREB phosphorylation leads to the activation of IEG expression, decreased expression of the delta subunit indicates there may be a resulting inhibition of IEG expression. Previous studies have shown that IEGs are likely involved with neural plasticity and long-term memories (34) . Consequently, decreased expression of IEGs suggests that their presence and action may not be needed for the initial stages of visual processing.
There is also a downregulation of GABRA5 (GABA receptor, ␣5) in the primary visual cortex compared with other regions. GABA is the major inhibitory neurotransmitter in the mammalian brain and causes membrane hyperpolarization and subsequent reduced neuronal activity (23) . In this region there was also uniquely decreased expression of TMEM16C (transmembrane protein 16C) and KCNA5 (potassium voltage-gated channel, shaker-related subfamily, member 5). Transmembrane proteins and potassium channels are involved in modulation of processes including neurotransmitter release and neuronal excitability; such regulation of expression of these factors may have a role with processing visual information in this region. One particular gene that shown upregulation was CAV1, which codes for caveolin 1, a scaffolding protein located in caveolar membranes that binds cholesterol and which directly interacts with G protein ␣-subunits to create an inhibitory effect on G-protein activity (51) . Such inhibition parallels the downregulated expression of other gene products involved in numerous cellular processes and may help to gain insight into understanding the visual processing specific to this region.
Global expression analysis. To gain insight into the general expression trends across all brain regions of interest, we globally analyzed all 75 samples using Genespring v7.2 to perform PCA on genes. This analysis found patterns for which each gene has a correlation value and indicated that one defining expression pattern accounts for 46.03% of all variance in gene expression, whereas the five other patterns accounted for a smaller amount of expression variation. This pattern, which illustrates the greatest amount of variance, is referred to as principal component 1 and demonstrates that the greatest overall differences in gene expression correlated to increased expression in the posterior cingulate, superior frontal gyrus, and primary visual cortex and less expression in the entorhinal cortex, hippocampus, and middle temporal gyrus as shown in Fig. 2 (principal component 1 is represented by the red graph line). It is also important to note here that PCA does not measure the significance of each component, so that the ordering of the components is purely based on the extent of expression variance. There were 102 genes with expression profiles having at least a 0.98 correlation with the principal component 1, while 19 genes had at least a 0.99 correlation (Table 1) . Correlation values range from Ϫ1, representing a complete opposite theme, and 1, representing an expression pattern identical to the principal component. These genes may define the normal theme of differential gene expression with the greatest variance that occurs across the six brain regions in healthy individuals and may help to characterize the primary sensory, unimodal, heteromodal, paralimbic, and limbic functional zones that are represented by these six brain regions. The rest of the components detected by PCA are shown in Fig. 2 and represent separate patterns that account for a smaller amount of variation across all brain regions.
The 102 genes that showed a 0.98 correlation to principal component 1 were used for pathway analysis with GeneGo MetaCore software. Among the top maps found include calcium signaling and the CREB pathway, both of which have been previously implicated in age-related changes in neuronal expression (11) . Specifically, the three genes that were identified in the calcium signaling pathway include SLC8A1 [solute carrier family 8 (sodium/calcium exchanger), member 1], PPP2CA (protein phosphatase 2, catalytic subunit, ␣ isoform), and CALM2 (calmodulin 2), while the three identified in the CREB pathway also include PPP2CA and CALM2 in addition to PRKAR1A (protein kinase, cAMP-dependent, regulatory, type I, ␣). SLC8A1, which is activated by protein phosphatase 2A, is a membrane transport protein that transports Ca 2ϩ out of cells and Na ϩ into cells during relaxation to prevent intracellular calcium buildup. Calmodulin uses intracellular Ca 2ϩ to control enzymes such as protein kinases and phosphatases. In regards to the CREB pathway, previous studies have shown that CREB phosphorylation is involved in activating expression of IEGs that ultimately affect neural synaptic plasticity in ageing animals and long term memory (13, 34, 53) . The products of all three correlative genes in the CREB pathway work upstream of CREB to regulate its phosphorylation; these results suggest that modulation of CREB phosphorylation may play a role in neuronal aging processes in a healthy brain.
Other maps and processes that contain genes that correlate to principal component 1 include regulation of G1/S transition, cytoplasmic/mitochondrial transport of proapoptotic proteins, and the interferon-␥ signaling pathway, which plays a role in cell cycle and translation regulation. Such processes may represent basal neuronal activity that is normally increased in the posterior cingulate, superior frontal gyrus, and primary visual cortex and normally decreased in the entorhinal cortex, hippocampus, and middle temporal gyrus (as defined by principal component 1). It is also interesting to note that principal component 1 demonstrates a very small amount of expression variation between the entorhinal cortex and hippocampus, regions that have been found to have similar functions in learning and memory. On a functional level, these two regions have intense bidirectional connections and may be broadly called the hippocampo-entorhinal cortex (46) .
Immunohistochemistry validation of selected upregulated genes. We have performed immunohistochemistry on additional fresh frozen brain sections to validate genes, at the protein level, selected from statistical analyses (Fig. 3) . In expression analyses, CREB was upregulated uniquely in the superior frontal gyrus compared with all other regions. Over all, CREB had an average 2.82 increased fold change in the superior frontal gyrus compared with all five other brain regions with an average P value of 1.61E-02. Staining of CREB in Fig. 3A (right, red arrow) shows clear immunperoxidase staining of layer III pyramidal neurons in the superior frontal gyrus compared with an absence of neuronal staining (Fig. 3A, left) in the middle temporal gyrus, the region that demonstrated the lowest expression of CREB. A direct comparison between the superior frontal and middle temporal gyri with respect to CREB expression showed a 3.42-fold change increase in the superior frontal gyrus with a P value of 6.69E-03.
Integrin, alpha 4 (ITGA4) was found to have significantly upregulated expression in the hippocampus, with an average increased fold change of 6.99 over all other regions with a mean P value of 5.37E-03. Results from a one-to-one regional comparison between the hippocampus and posterior cingulate cortex showed an 8.27-fold change increase in the hippocampus with a P value of 4.21E-03. In Fig. 3B (right) , our immunostaining confirms increased expression with the staining of layer III pyramidal cells, contrasting with Fig. 3B (left) , which demonstrates an overall lack of neuronal staining in the posterior cingulate cortex.
NFYB also showed uniquely significant expression in the superior frontal gyrus. Compared with all other regions, NFYB had an average increased fold change of 2.73 with a P value of 1.24E-02. The entorhinal cortex showed the greatest decrease in expression of NFYB; specifically compared with the entorhinal cortex, NFYB had an increased 3.33-fold change in the superior frontal gyrus with a P value of 3.93E-03. These results correlate with the staining seen in Fig. 3C , in which layer III neurons are visibly stained in the right panel (superior frontal gyrus), and little if any staining is seen in the same layer in the entorhinal cortex (left panel).
Lastly, FZD7 displayed statistically significant expression in the hippocampus with an average fold increase of 8.19 with a P value of 1.62E-04. FZD7 showed the lowest expression in the middle temporal gyrus so that, directly compared with this region, FZD7 had an increase in fold change of 10.32 in the hippocampus with a P value of 1.17E-04. Again, these values are consistent with immunohistochemistry results in Fig. 3D . In the right panel, we see darkened neuronal staining in layer III of the hippocampus and an absence of neuronal staining in layer III of the medial temporal gyrus in the left panel.
Agonal conditions. Previous research has shown that agonal conditions of cases from which postmortem brain tissue is collected for study may influence gene expression analyses (37) . This research found that individuals who experienced prolonged agonal states had a lower brain pH and that this was correlated with expression variation. Although speed of death of the case individuals analyzed in the study presented here is not classified, none of the individuals expired as a result of accident or suicide nor were maintained heroically, e.g., using a ventilator. Analysis of cerebrospinal fluid (CSF) pH of cases collected with the same methodology at the Sun Health Research Institute showed a narrow pH range with an approximate range of 6.4 -7.2 (data not published). CSF pH consistency thus suggests that less gene expression variation would be expected. Furthermore, any presence of expression variability as a result of agonal state would result in the identification of fewer significant expression changes because of higher inherent variability of expression.
Summary. This study characterized and compared gene expression profiles from laser capture microdissected neurons in six different brain regions of the normal aged human brain. Previous microarray studies have focused on identifying differential expression in entire tissue sections of the cerebral cortex of healthy elderly and AD-affected individuals (57) and hippocampal CA1 and CA3 regions of AD-affected individuals (4) . In this respect, this study provides a more focused analysis by evaluating the expression of individually selected normal neurons in six specific brain regions and helps to establish a baseline for future neuro-related studies as those mentioned. In particular, this study's analysis has shown that there are significant expression changes that occur in the normal aged human brain and that these differences may play a role in age-related cognitive deficiencies. We have generated and laid out a descriptive reference data set that can be used as a foundation for future studies of normal neuronal function and for comparisons to numerous neurological disorders, including AD.
